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Background. An imbalance between protein load and folding
capacity is referred to as endoplasmic reticulum (ER) stress. As
a defense mechanism, cells express ER stress inducible chap-
erons, such as oxygen-regulated proteins 150 (ORP150) and
glucose-regulated proteins (GRPs). While ER stress is impor-
tant in various diseases, a pathophysiologic role for ER stress
in kidney disease remains elusive. Here we investigate expres-
sion of ER stress proteins in cultured rat podocytes as well as
in our recently developed animal model of abnormal protein
retention within the ER of podocytes (i.e., megsin transgenic
rat).
Methods. The expression of ER stress inducible proteins
(ORP150, GRP78, or GRP94) in cultured podocytes treated
with tunicamycin, A23187, SNAP, hypoxia, or hyperglycemia,
and the renal tissues or isolated glomeruli from megsin trans-
genic rats was analyzed by Western blotting analysis, immuno-
histochemistry, or confocal microscopy.
Results. Cultured podocytes demonstrated that treatment
with tunicamycin, A23187, and SNAP, but not hypoxia or hyper-
glycemia, up-regulate expression of ER stress proteins. Extracts
of isolated glomeruli from megsin transgenic rats reveal marked
up-regulation of ER stress chaperones in podocytes, which
was supported by immunohistochemical analysis. Confocal mi-
croscopy revealed that ER stress in podocytes was associated
with cellular injury. Podocytes of transgenic rats overexpress-
ing a mutant megsin, without the capacity for polymerization
within the ER, do not exhibit ER stress or podocyte damage,
suggesting a pathogenic role of ER retention of polymerized
megsin.
Conclusion. This paper implicates a crucial role for the ac-
cumulation of excessive proteins in the podocyte ER in the
induction of ER stress and associated podocyte injury.
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The endoplasmic reticulum (ER) is an intracellular
compartment that plays a critical role in the processing,
folding, and exporting of newly synthesized proteins into
the secretory pathway [1]. All cells regulate the capacity
of their ER to process client proteins and adapt to an im-
balance between client protein load and folding capacity,
recently referred to as ER stress [2, 3]. An impairment
of ER membrane integrity due to stress can be injurious
by causing leakage of calcium ions and other ER luminal
components.
ER stress is triggered by various stimuli, including an
increase in synthesis of client proteins, and also occurs
in the course of various pathophysiologic states [4, 5].
The ER stress known as the unfolded protein response
(UPR) is currently the best understood model of ER
stress signaling, a response conserved from yeast to hu-
man [6]. The UPR involves transient attenuation of new
protein synthesis, degradation of misfolded proteins, on-
set of apoptosis, and expression of a variety of ER stress
proteins, such as oxygen-regulated protein (ORP) 150
and glucose-regulated proteins (GRPs). Under normal
conditions, these ER stress proteins serve as protein chap-
erones, complex with defective proteins, and target them
for degradation. During stress, the induction of ER stress
proteins may limit accumulation of abnormal proteins in
cells [6, 7], allowing cells to tolerate an accumulation of
unfolded proteins.
Previous studies have shown that ER stress is closely
associated with the neuronal cell injury caused by is-
chemia [8], epileptic seizures [8], Alzheimer’s disease [9],
Parkinson’s disease [10], and polyglutamine diseases [11].
ER stress is also involved in muscle cell injury in sporadic
inclusion body myositis [12]. Homocysteine also induces
ER stress in vascular endothelial cells [13], suggesting
its potential role in thrombotic vascular events. Further-
more, ER stress induces apoptosis of pancreatic cells and
subsequent development of diabetes mellitus [14, 15]. On
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the other hand, a pathophysiologic role of ER stress in
kidney disease has not been defined.
Accumulating evidence emphasizes an essential role
of podocyte injury in proteinuria and progression of kid-
ney failure [16, 17]. Podocytes contain a well-developed
Golgi system, prominent lysosomes, many mitochondria,
and abundant rough and smooth endoplasmic reticulum
[18]. The density of these organelles in the cell body in-
dicates a high level of anabolic as well as catabolic activ-
ity of podocytes, stimulating us to study susceptibility of
podocytes to ER stress. Adaptive responses of podocytes
to ER stress are crucial because podocytes are terminally
differentiated cells that are unable to proliferate, and loss
of these cells can lead to glomerulosclerosis and end-stage
kidney failure [19, 20].
In the present study, we investigated expression of ER
stress proteins in cultured rat podocytes as a defensive
mechanism in vitro. We also employed our recently de-
veloped megsin transgenic rat to study expression of ER
stress proteins in vivo. Megsin is a new member of the ser-
pin (serine protease inhibitor) superfamily cloned from
a human mesangial cDNA library [21–26]. An increased
synthesis of megsin led to flooding of the protein han-
dling system and subsequent accumulation of polymeriz-
ing megsin within the ER of podocytes [27]. It is likely
that a common structure of reactive site loop and b-
sheet, shared by serpins, leads to the aberrant intermolec-
ular linkage and polymerization of megsin. These animals
develop periodic acid Schiff (PAS)–positive, diastase-
resistant megsin inclusions within the ER of podocytes
in association with proteinuria and deterioration of renal
function [27].
METHODS
In vitro rat podocyte experiments
Primary cultured rat podocytes were isolated accord-
ing to methods described elsewhere [28] In brief, the
cells were initially established on Matrigel-coated tis-
sue culture dishes (BD Biosciences, Bedford, MA, USA)
and the cells were maintained onto a collagen type I-
coated tissue culture dishes in K-1 medium supplemented
with 2% NuSerum (Collaborative Biomedical Products,
Bedford, MA, USA), 5 mg/mL insulin, 5 mg/mL trans-
ferrin, 5 ng/mL selenium (Sigma-Aldrich, St. Louis, MO,
USA), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA) under humidified at-
mosphere containing 5% CO2. Rat podocytes used in this
study showed a cobblestone-like appearance and were
positive for megalin, cytokeratin, and podocalyxin, but
not factor VIII or Thy-1.1, suggesting that the cells we
used in this study retained the properties for podocytes.
To evaluate the exposure to several stimuli including
abnormal protein retention, calcium store depletion, ni-
trosative stress, hypoxia, and hyperglycemia, podocytes
were treated with 5 lg/mL tunicamycin (Sigma-Aldrich),
a reagent to cause an accumulation of unfolded pro-
teins in the ER, 10 lg/mL A23187, a calcium ionophore,
110 lg/mL S-nitroso-N-acetyl-D,L-penicillamine (SNAP;
Dojin, Kumamoto, Japan), a NO donor, or hypoxia uti-
lizing Anaerocult A (<0.1% oxygen; Merck, Darmstadt,
Germany) for 24 hours. For exposure to glycemic stress,
podocytes were cultured in the presence of 4.5 mg/mL
D- or L-glucose for two weeks. In glycemic stress we em-
ployed a long exposure time (2 weeks) to mimic chronic
derangement of carbohydrate metabolism in diabetic
patients.
Western blot analysis
Proteins (10 mg) from cell lysates or glomeruli isolated
according to a conventional sieving method [29] were ho-
mogenized in 100 lL of 0.35 mol/L Tris-HCl (pH 6.8) con-
taining 10% sodium dodecyl sulfate (SDS), 36% glycerol,
5% b-mercaptoethanol, and 0.012% bromophenol blue
and centrifuged at 5000 g for 15 minutes. Three to five ll
of the obtained test samples were electrophoresed on
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), and transferred to polyvinylidene fluo-
ride (PVDF) membrane.
To detect ER stress inducible proteins, rabbit poly-
clonal antibodies to ORP150 (purified IgG fraction, 0.5
lg/mL) [30] or GRP94 (0.4 lg/mL; Stressgen Biotech-
nologies, Victoria, BC, Canada), or goat anti-GRP78
polyclonal antibody (20 lg/mL; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA) were used as the first
antibody and horseradish peroxidase–conjugated goat
anti-rabbit antibodies (1:5000 dilution; Bio-Rad, Her-
cules, CA, USA) or alkaline phosphatase-conjugated rab-
bit anti-goat IgG (H+L) (1:5000 dilution; Jackson Im-
munoResearch Lab, Inc., West Grove, PA, USA) as the
secondary antibody. Rabbit anti-actin polyclonal anti-
body (3.5 lg/mL; Sigma-Aldrich) was also used as the first
antibody. The detection for ORP150, GRP94, or actin was
performed by the enhanced chemiluminescence (ECL)
system (Amersham Biosciences, Piscataway, NJ, USA).
For detection of GRP78, p-nitro blue tetrazolium chlo-
ride and 5-bromo-4-chloro-3-indolyl-phosphate solution
(Bio-Rad) was used. In some experiments, quantification
of the intensity of each band was performed by densit-
ometry utilizing ATTO lane analyzer software (ATTO,
Tokyo, Japan) and normalized by the band intensity of
actin. The experiment was repeated three times.
Megsin transgenic rats
To generate the human megsin transgene construct,
the entire coding sequence of megsin cDNA was sub-
cloned in the sense orientation into the pBsCAG-2 [24].
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For production of mutant megsin (megsinT334R) trans-
genic rats, the site-directed mutagenesis at the position of
P14 (substitution of Thr for Arg at 334 residue) in the re-
active site loop of human megsin gene was performed
utilizing a standard two-step megaprimer polymerase
chain reaction (PCR) with mutated oligonucleotides, and
megsinT334R cDNA was subcloned into the pBsCAG-
2 [27]. The megsin transgenes isolated by digestion of
pBsCAG-2 containing megsin cDNA were microinjected
into one pronucleus of fertilized Wistar rat eggs, fol-
lowed by transfer into the oviducts of pseudopregnant
rats. Rat genomic DNA extracted from the tail was used
to identify megsin transgenic rats by PCR as described
previously [24]. Kidneys from homozygote megsin and
megsinT334R transgenic rats at the age of 8 weeks were
used for PAS staining, immunohistochemistry, and West-
ern blot analysis. Animals were treated in accordance
with the guidelines of the Committee on Ethical Animal
Care and Use of Tokai University.
Histology
For light microscopic analysis, kidneys were fixed in
4% neutral buffered formaldehyde, embedded in paraf-
fin, and sectioned at 4 lm thickness, followed by PAS
staining.
Immunohistochemistry
For detection of ORP150, GRP78, or desmin as a
marker of podocyte injury [31], tissue sections (2 lm)
of kidneys fixed with methyl Carnoy’s were used. The
sections were first incubated with rabbit polyclonal anti-
ORP150 antibodies (5 lg/mL purified IgG fraction) [30]
or goat polyclonal anti-GRP78 antibodies (1:100 dilu-
tion; Santa Cruz Biotechnology, Inc.) followed by bi-
otinylated goat anti-rabbit IgG (1:200 dilution; Zymed
Laboratories, Inc, South San Francisco, CA, USA) or
rabbit anti-goat IgG (1:800 dilution; DakoCytomation,
Kyoto, Japan), or incubated with mouse monoclonal an-
tibodies to desmin (11.5 lg/mL; DakoCytomation) fol-
lowed by reaction with biotinylated horse anti-mouse
IgG polyclonal antibody (1:400 dilution; Vector Labo-
ratories, Inc., Burlingame, CA, USA). Development was
performed with peroxidase-conjugated avidine (Vector
Laboratories, Inc.) and 3,3′-diaminobenzidine tetrahy-
drochloride (Wako, Osaka, Japan). Finally, the tissues
were counterstained with hematoxylin. In some exper-
iments, normal rabbit IgG, goat IgG, or mouse IgG pur-
chased from DakoCytomation were used as controls.
Computer-assisted morphometry
The sections stained immunohistochemically with anti-
ORP150 or GRP78 antibodies were used for computer-
assisted morphometry. Each staining picture was scanned
using a 3CCD camera (Olympus Optical Co., Tokyo,
Japan), and positive area for ORP150 or GRP78 expres-
sion per glomerulus was measured in a blinded manner
using the software NIH ImageJ (NIH, Bethesda, MD,
USA). Twenty consecutive glomeruli in the midcortex
were measured. Glomerular cross sections containing
only a minor portion of the glomerular tuft (<20 discrete
capillary segments per cross-section) were not used. In
order to avoid examiner’s bias, both the largest and the
smallest glomerulus in the 20 glomeruli were excluded.
Eighteen glomeruli from each section were examined and
averages were expressed as mean ± SD.
Immunofluorescence studies
Rats were perfused with 4% paraformaldehyde un-
der deep anesthesia, and the kidneys were cryostat
sectioned (5 lm). Immunofluorescence studies were
performed using either purified rabbit IgG to human
ORP150 (5 lg/mL) [30] or human megsin (P2: 5 lg/mL)
[23], goat polyclonal anti-GRP78 antibodies (1:100 di-
lution; Santa Cruz Biotechnology Inc.), or mouse mono-
clonal antibody to anti-synaptopodin (Progen Biotechnik
GmbH, Heidelberg, Germany) followed by visualization
of the binding sites of primary antibodies by the im-
munofluorescence method [30]. Images were then digi-
tally overlapped.
To investigate localization of megsin/ORP150 in
desmin-positive injured podocytes, immunofluorescence
studies with antibodies to human ORP150 and desmin
followed by confocal microscopy were performed. The 4-
lm frozen sections were fixed with ethanol:ether (1:1),
blocked with 2% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS), and incubated with pu-
rified rabbit IgG to human ORP150 (5 lg/mL) and mouse
monoclonal antibody to desmin (11.5 lg/mL; DakoCy-
tomation), followed by incubation with FITC-conjugated
sheep anti-mouse IgG (1:50 dilution; DakoCytoma-
tion) and TRITC-conjugated swine anti-rabbit IgG
(1:50 dilution; DAKO). The nuclei were counterstained
with Hoechst Dye 33342 (Calbiochem-Novabiochem, La
Jolla, CA, USA), and then the optical tomographic imag-
ing (Z-images) for three-dimensional reconstructed im-
ages of glomeruli was performed utilizing 510 META
(Carl Zeiss, Jena, Germany) [32].
Statistical analysis
Data were expressed as mean ± SD. Analysis of vari-
ance (ANOVA) was utilized to evaluate the statistical sig-
nificance of various differences. If the analysis detected
a significant difference, the Scheffe’s t test was used to
compare results obtained from the experimental animals.
Values are considered significant at P < 0.05.
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Fig. 1. Expression of ER stress inducible
proteins in podocytes. Podocytes were
cultured in the presence of various stimuli
including 5 lg/mL tunicamycin to cause an
accumulation of unfolded proteins in the ER,
10 lg/mL A23187 as a calcium ionophore,
110 lg/mL SNAP as a NO donor, <0.1%
oxygen as hypoxia, or 4.5 mg/mL glucose
to induce hyperglycemia. Expression levels
of ER stress inducible chaperone proteins,
ORP150 and GRP94, were assessed by
Western blot analysis followed by densito-
metry. (A) Representative data from three
experiments are shown. (B) Quantification of
the intensity of the bands was performed by
densitometry and normalized to the intensity
of actin bands. The mean ratio of ORP150
or GRP94 expression in the presence of
various stimuli over that in the absence of
stimuli was calculated for each experiment,
and the average of the three experiments is
expressed. Treatment with tunicamycin or
A23187 markedly up-regulated expression
of ORP150 and slightly of GRP94. SNAP
treatment slightly up-regulated expression
of both ORP150 and GRP94. By contrast,
neither high glucose nor hypoxia influenced
expression of ORP150 and GRP94. ∗P <
0.05 vs. control; ∗∗P < 0.01 vs. control. Dose
and time dependency of up-regulation of
OPR150 or GRP94 expression in podocytes
treated with tunicamycin (C) or A23187
(D). Quantification of the intensity of the
bands was performed by densitometry and
normalized to the intensity of actin bands.
The mean ratio of ORP150 or GRP94
expression in the presence of tunicamycin or
A23187 over that in the absence of stimuli
was calculated for each experiment, and
the average of the three experiments is
expressed. Treatment with tunicamycin or
A23187 markedly up-regulated expression
levels of ORP150 or GRP94 in a dose-
and time-dependent manner. ∗P < 0.05 vs.
control, ∗∗P < 0.01 vs. control.
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Fig. 1. (continued)
RESULTS
Expression of ER stress inducible proteins in podocytes
To examine induction of ER stress in podocytes, we
subjected cultured cells to various stimuli, including ab-
normal protein retention, calcium store depletion, ni-
trosative stress, hypoxia, and hyperglycemia. Expression
levels of ER stress inducible chaperone proteins, ORP150
and GRP94, were assessed by Western blot analysis fol-
lowed by densitometry.
Representative data of Western blot analysis and den-
sitometric quantification are shown in Figure 1A and B.
Treatment with tunicamycin, a reagent to cause an accu-
mulation of unfolded proteins in the ER, or A23187, a
calcium ionophore, markedly up-regulated expression of
ORP150 (tunicamycin, 5.03- ± 1.56-fold; A23187, 5.26 ±
0.97-fold, P < 0.01) and less of GRP94 (tunicamycin,
1.40 ± 0.37-fold, P < 0.05; A23187, 2.24 ± 0.53-fold,
P < 0.01) in podocytes. We detected a lower molecular
weight band of ORP150 in addition to a normal molec-
ular weight band of ORP150 in podocyte treated with
tunicamycin. It may be due to abnormal glycosylation
by tunicamycin. Up-regulation of ORP150 and GRP94
expression was observed in a time- and dose-dependent
manner (Figs. 1C and D). Up-regulation of ORP150 and
GRP94 in the podocytes treated with SNAP, a NO donor,
was mild but statistically significant (2.32 ± 0.34-fold and
1.45 ± 0.1-fold, P < 0.05, respectively). By contrast, nei-
ther high D-glucose nor hypoxia influenced expression of
ORP150 (high glucose, 0.89 ± 0.12-fold; hypoxia, 1.16 ±
0.19-fold) and GRP94 (high glucose, 0.97 ± 0.03-fold; hy-
poxia, 1.17 ± 0.20-fold) in podocytes. High concentration
of L-glucose, which serves as a control of high osmolar-
ity, did not change expression levels of ORP150 (0.92 ±
0.17-fold) or GRP94 (1.06 ± 0.13-fold) in podocytes,
either.
Megsin transgenic rats suffered from ER stress
As tunicamycin blocks N-linked glycosylation and
causes retention of unfolded proteins in the ER, and
turned out to be a powerful inducer of ER stress proteins
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Fig. 1. (continued)
in cultured podocytes in vitro, we investigated an ani-
mal model of protein retention in the ER of podocytes
in vivo. Our recently established megsin transgenic rats
were utilized [27]. PAS staining (Fig. 2B) and immuno-
electron microscopic studies [27] of renal tissues from
these rats revealed accumulation of megsin within the
ER of podocytes. Homozygote rats eventually developed
proteinuria and impaired renal function [27].
In order to evaluate ER stress imposed by abnormal
megsin retention, we performed immunohistochemical
analysis utilizing various markers of ER stress, including
ORP150 and GRP78. We employed GRP78 instead of
GRP94 in immunohistochemical analysis because anti-
GRP94 did not work well for immunohistochemistry.
Staining of ORP150 was negative in glomeruli of wild-
type rats (Fig. 2E). In contrast, we observed marked
up-regulation of ORP150 expression in glomeruli of ho-
mozygous megsin transgenic rats (Fig. 2F). GRP78 ex-
pression was undetectable in glomeruli of wild-type rats
(Fig. 2J), and markedly up-regulated in glomeruli of ho-
mozygous megsin transgenic rats (Fig. 2K). In hetetozy-
gotes, up-regulation of ORP150 and GRP78 was less than
in homozygotes (Figs. 2G and L). A pattern of localiza-
tion of these proteins suggested that they were expressed
in podocytes. These observations were also confirmed by
computer-assisted morphometry of immunostained tis-
sues: positive areas for ORP150 or GRP78 expression
were increased with statistical significance in homozy-
gotes as compared with those in heterozygotes (P <
0.001) (Fig. 2O). No immunoreactivity was observed with
normal rabbit or goat IgG used as the first antibody
(Figs. 2I and N).
Increased expression of ORP150 and GRP78 was con-
firmed by Western blot analysis with isolated glomeruli
from megsin transgenic rats followed by densitometric
analysis (Fig. 3). We observed weak expression of both
ORP150 and GRP78 in wild-type rats, although those
expressions were undetectable in immunohistochemistry
(Figs. 2E and J). This discrepancy may be due to the differ-
ence of sensitivity of each method. GRP94 expression was
also up-regulated in the isolated glomeruli from megsin
transgenic rats (Fig. 3).
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Fig. 2.
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Fig. 2. Induction of ER stress inducible pro-
teins in the kidneys of megsin transgenic rats.
PAS staining of a wild-type (A), a megsin
transgenic (homozygote, B, and heterozygote,
C), and a mutated-megsin (megsinT334R)
transgenic rat (D) at the age of 8 weeks. PAS-
positive deposits (indicated by arrows) were
observed within the cytoplasm of glomerular
epithelial cells in a megsin transgenic rat but
not in a wild-type rat or a megsinT334R trans-
genic rat. Immunohistochemical detection of
ORP150 (E–I) and GRP78 (J–N) in the kid-
ney of a wild-type rat (E and J), a megsin ho-
mozygote (F and K), a megsin heterozygote
(G and L), and a megsinT334R transgenic
rat (H and M). Expression of ORP150 and
GRP78 is markedly augmented in glomeruli
of megsin transgenic rats, as compared with
those in wild-type and megsinT334R trans-
genic rats. No immunoreactivity was observed
with normal rabbit or goat IgG as the first
antibody in a megsin homozygote rat (I and
N). The bar indicates 10 lm. (O) Computer-
assisted morphometry of the section stained
immunohistochemically with anti-ORP150 or
GRP78. Each section of three rats derived
from each group was examined, and aver-
ages were expressed as mean ± SD. Pos-
itive areas for ORP150 or GRP78 expres-
sion were increased with statistical signifi-
cance in homozygotes as compared with those
in heterozygotes. ∗P < 0.001 vs. wild-type or
T334Rmegsin transgenic rats. #P < 0.001.
Polymerization of megsin and subsequent ER reten-
tion play a pathogenic role in development of ER stress
in podocytes. Podocytes of heterozygote transgenic rats
overexpressing mutant megsin (megsinT334R, a muta-
tion at the position of P14 corresponding to the proximal
hinge region of the reactive site loop), which lacks ser-
ine protease inhibitory activity as well as the capacity
for polymerization within the ER, did not have megsin
droplets within the cytoplasm (Fig. 2D) [27]. In addi-
tion, they did not show increased expression of ER stress
markers, ORP150, GRP94, or GRP78 by immunohisto-
chemistry (Figs. 2H and M) and Western blot analysis for
isolated glomeruli (Fig. 3).
ER stress induced in podocytes with excessive megsin
accumulation
We previously demonstrated that accumulation of the
transgene product, megsin, was localized exclusively in
podocytes in glomeruli by immunoelectron microscopic
analysis [27]. Of note, OPR150-expressed podocytes of
megsin transgenic rats showed accumulation of megsin
transgene product (Fig. 4).
Podocyte damage by ER stress in megsin transgenic rats
We further performed immunohistochemical analy-
sis utilizing desmin as a marker of podocyte injury [31]
in order to clarify whether ER stress in podocytes of
megsin transgenic rats was associated with cellular injury.
Glomeruli of megsin transgenic rats showed expression of
desmin in podocytes and the signal intensity was higher in
homozygotes than in heterozygotes (Fig. 5A, panels b and
c). Whereas staining for desmin was absent in glomeruli
of wild-type (Fig. 5A, panel a). No immunoreactivity was
observed with normal mouse IgG used as the first anti-
body (Fig. 5A, panel e). Confocal microscopic analysis of
double staining of desmin and ORP150 localized ORP150
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Fig. 3. Western blot analysis of ER stress
inducible proteins. Proteins from isolated
glomeruli derived from wild-type, megsin ho-
mozygote transgenic, and mutated megsin
(T334Rmegsin) transgenic rats (8-week-old)
were analyzed by Western blot analysis using
antibodies to ER stress inducible proteins
such as ORP150, GRP78, and GRP-94. Poly-
clonal antibodies to b-actin were also used
as an internal control. (A) Representative
data from three independent experiments are
shown. (B) Quantification of the intensity of
the bands was performed by densitometry and
normalized to the intensity of actin bands. The
mean ratio of ORP150, GRP78, or GRP94
expression in megsin or T334Rmegsin trans-
genic rats over that in wild-type rats was calcu-
lated for each experiment, and the average of
the three experiments is expressed. Increased
protein expression of ORP 150, GRP78, and
GRP94 was observed in isolated glomeruli
from megsin transgenic rats, as compared
with those from age-matched wild-type or
T334Rmegsin transgenic rats. ∗P < 0.05 vs.
wild-type rats.
Megsin ORP150 Merge
Fig. 4. ER stress is induced in podocytes with
excessive megsin accumulation. Localization
of ER stress inducible proteins in glomeruli
from megsin homozygote transgenic rats (8-
week-old) was assessed by double staining
using antibodies to ORP150 and megsin.
Frozen kidney sections (5 lm) were incu-
bated with rabbit polyclonal IgG to human
ORP150 or human megsin followed by reac-
tion with FITC- or TRITC-conjugated anti-
rabbit IgG. OPR150-expressing podocytes of
megsin transgenic rats showed accumulation
of megsin transgene products. Representa-
tive positively stained cells were indicated by
white arrowheads. The bar indicates 10 lm.
(red) in podocytes with the cytoplasm positive for desmin
(green). It suggests that podocyte injury was associated
with ER stress (Fig. 5B).
We further analyzed podocyte damage by double stain-
ing of synaptododin, a marker for podocytes, and GRP78
in megsin homozygote transgenic rats. The signal of
synaptopodin expression adjacent to GRP78 positive sig-
nal was relatively faint as compared with that in wild-type
rats, which was negative for GRP78 staining (Fig. 5C).
By contrast, in megsinT334R transgenic rats, the
desmin staining was extremely weak (Fig. 5A, panel d).
These results, together with the lack of PAS-positive ma-
terials composed of megsin and ORP150 in the glomeruli
of megsinT334R transgenic rats, clearly suggested that
podocyte injury was not induced in this model.
DISCUSSION
ER stress in glomerular injury was recently empha-
sized by Cybulsky et al [33]. They reported that comple-
ment attack against podocytes induced ER injury, which
was associated with up-regulation of ER stress proteins
such as GPR78 (bip) and GRP94 both in vitro and in
vivo. Our results confirm and extend their findings be-
yond complement-induced podocyte injury.
Tunicamycin, which causes retention of unfolded pro-
teins in the ER, induced ER stress in podocytes. In con-
trast, neither hypoxia nor high glucose resulted in ER
stress in these cells. Factors inducing ER stress may be cell
type–specific because hypoxia can lead to up-regulation
of ER stress proteins in astrocytes [34], vascular smooth
muscle cells [35], monocytes [35], ovary cells [36], and
renal tubular cells [37]. Glomerular cells are relatively
spared in ischemic kidney diseases compared with tubular
cells [38], and hypoxia may not be as noxious to podocytes
as it is to some other types of cells. In agreement with
our in vitro findings, immunohistochemical analysis con-
ducted in a rat ischemia-reperfusion of model showed
that ORP150 staining is more prominent in tubular cells
than in glomeruli [39].
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Fig. 5. Podocyte damage by ER stress in megsin transgenic rats. (A) Immunohistochemical detection of desmin, a marker of podocyte injury, in the
kidney of a wild-type (panel a), a megsin transgenic rat (homozygote, panel b, and heterozygote, panel c), and a megsinT334R transgenic rat (panel
d) at the age of 8 weeks. The sections (2 lm) were first incubated with anti-desmin monoclonal antibody, followed by reaction with biotinylated
anti-mouse IgG. Expression of desmin was detected in glomeruli of a megsin transgenic rat but not in wild-type or megsinT334R transgenic rats.
No immunoreactivity was observed with normal mouse IgG as the first antibody in a megsin homozygote rat (panel e). The bar indicates 10 lm.
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It was not surprising that high glucose similar to what is
seen in diabetes mellitus did not induce expression of ER
stress proteins because ER stress proteins are known to
be up-regulated by energy depletion under low glucose
conditions [40, 41].
Here we demonstrated a crucial role of accumulation
of excessive proteins in the ER in induction of ER stress
utilizing our recently established megsin transgenic rats
[27]. Megsin is a novel member of the serpin superfam-
ily, and serpins are known to form aberrant intermolec-
ular linkage in hepatocytes and neurons [42, 43]. To our
knowledge, this is the first report to show that ER stress
is associated with excessive protein accumulation in renal
cells. It should be noted that the transgene of our megsin
transgenic rats coded an intact molecule, in contrast to
some human genetic disorders in which mutations in the
coding region of highly expressed ER client proteins di-
rectly perturb their folding [2, 44]. However, previous
studies also showed that unfolding or misfolding of pro-
teins can occur under several circumstances, including
macromolecular crowding, oxidative stress, exposure to
toxins, and aging, suggesting that ER stress can play an
important role in a wide range of diseases [8, 45].
Western blotting analysis in this study demonstrated
up-regulation of a variety of ER-stress proteins in
glomeruli isolated from megsin transgenic rats. We pre-
viously described predominant expression of megsin in
mesangial cells of normal animals [26, 46], and cannot
exclude a possible involvement of mesangial cells, en-
dothelial cells, or infiltrating cells in induction of the ER
stress proteins. However, immunohistochemical analysis
as well as immunoelectron microscopic analysis [27] re-
vealed that megsin transgenic rats unexpectedly showed
accumulation of megsin in ER of podocytes. Expression
patterns of the transgene revealed by in situ hybridization
were ubiquitous in resident glomerular cells of the trans-
genic rats [27]. Accumulation of megsin also varied in dif-
ferent organs in spite of similar expression at the mRNA
level [27]. These observations led us to speculate that indi-
vidual cellular susceptibility must influence accumulation
of the transgene product in ER, demonstrating predom-
inant accumulation of megsin in podocytes of the trans-
genic rats. However, this requires further investigation.
(B) Localization of ORP150 within injured podocytes. Three-dimensional colored intensity orthogonal section imaging of glomeruli were carried out
after immunofluorescence studies using antibodies to ORP150 (red) and desmin (green), a marker of podocyte injury. Nuclei were poststained with
Hoechst Dye 33342. X-Y cross-section plane image (blue line square), X-Z cross-section plane image (green line square), Y-Z cross-section plane
image (red line square). ORP150 (red) was localized in podocytes with the cytoplasm positive for desmin (green), suggesting that podocyte injury
was associated with ER stress. The bar indicates 5lm. (C) Double immunostaining of an ER stress inducible protein, GRP78, and synaptopodin, a
marker of podocytes, in glomeruli from megsin homozygote transgenic rats (8-week-old). Frozen kidney sections (4 lm) from age-matched wild-type
(upper panel) or megsin transgenic rats (lower panels) were incubated with mouse monoclonal antibodies to synaptopodin and goat polyclonal IgG
to GRP78, which were detected by TRITC-conjugated anti-mouse IgG and FITC-conjugated anti-goat IgG, respectively. The signal of synaptopodin
expression adjacent to GRP78 positive signal was relatively faint in megsin transgenic rats compared with that in wild-type rats, which was negative
for GRP78 expression, suggesting podocyte damage by ER stress. The bar indicates 10 lm.
The ER stress in podocytes of megsin transgenic rats
was associated with up-regulation of ER stress proteins
such as ORP150 and GRP78. ORP150 was first purified
and cloned as a novel stress protein induced by oxy-
gen deprivation in cultured rat astrocytes [34]. Glucose-
regulated proteins, GRP78 and GRP94, are also major
constituents of the ER of mammalian cells and serve as
a protective mechanism to adapt to stress on the ER [41,
47, 48]. While induction of ER stress proteins may be an
important mechanism of protection of podocytes, further
studies are warranted to conclude whether the ER stress
response is protective or is responsible for some patho-
logic findings.
CONCLUSION
We reported induction of ER stress by various stimuli
in cultured glomerular cells. Furthermore, our transgenic
rats with accumulation of megsin in the ER of podocytes
demonstrated ER stress-induced podocyte injury. Our
findings implicated a crucial role for the accumulation
of excessive proteins in the podocyte ER in the induction
of ER stress and associated podocyte injury.
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